Leigh syndrome is a frequent, heterogeneous pediatric presentation of mitochondrial oxidative phosphorylation (OXPHOS) disease, manifesting with psychomotor retardation and necrotizing lesions in brain deep gray matter. OXPHOS occurs at the inner mitochondrial membrane through the integrated activity of five protein complexes, of which complex V (CV) functions † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. Human Molecular Genetics, 2018, Vol. 27, No. 19 3305-3312 3305 in a dimeric form to directly generate adenosine triphosphate (ATP). Mutations in several different structural CV subunits cause Leigh syndrome; however, dimerization defects have not been associated with human disease. We report four Leigh syndrome subjects from three unrelated Ashkenazi Jewish families harboring a homozygous splice-site mutation (c.87 þ 1G>C) in a novel CV subunit disease gene, USMG5. The Ashkenazi population allele frequency is 0.57%. This mutation produces two USMG5 transcripts, wild-type and lacking exon 3. Fibroblasts from two Leigh syndrome probands had reduced wild-type USMG5 mRNA expression and undetectable protein. The mutation did not alter monomeric CV expression, but reduced both CV dimer expression and ATP synthesis rate. Rescue with wild-type USMG5 cDNA in proband fibroblasts restored USMG5 protein, increased CV dimerization and enhanced ATP production rate. These data demonstrate that a recurrent USMG5 splice-site founder mutation in the Ashkenazi Jewish population causes autosomal recessive Leigh syndrome by reduction of CV dimerization and ATP synthesis.
Introduction
Leigh syndrome (OMIM 25600) is a progressive neurodevelopmental disorder characterized by deep brain gray matter necrotizing lesions (1, 2) . Genetic causes of Leigh syndrome are diverse: more than 90 nuclear and mitochondrial DNA (mtDNA) causative genes have been identified (3) , most of which are required for mitochondrial oxidative phosphorylation (OXPHOS) (4) . OXPHOS provides cellular energy by the activities of four electron transport complex enzymes (CI-IV) that generate a proton gradient within the inner mitochondrial membrane (IMM). Complex V (CV; ATP synthase) uses this gradient to produce ATP (5) . CV has two domains: F 1 projects into the mitochondrial matrix and F o spans the IMM (6,7). These two domains contain at least 15 protein subunits: 2 mtDNA-encoded (ATP6, ATP8) and 13 nuclear DNA-encoded (8) . CV exists as a monomer complex V (V m ) and a dimeric supercomplex (V d ). V d helps shape mitochondrial cristae to optimize proton flow (9, 10) . Deficiency of V m activity can cause Leigh syndrome (mutations in MT-ATP6) (11); however, defective V d formation has not previously been linked to human disease. USMG5 (DAPIT) is a 6.3 kDa protein identified in mammalian CV (12, 13) . Knock-out of USMG5 reduces ATP synthesis (14) , and USMG5 role in CV dimerization has been hypothesized (12, 15) and recently described (16) .
Here, we report four affected individuals with Leigh syndrome from three unrelated Ashkenazi Jewish families whose disease results from a homozygous c.87þ1G>C USMG5 mutation leading to reduced V d formation and impaired ATP synthesis.
Results
USMG5 homozygous splice-site mutation was identified in three unrelated Ashkenazi Jewish kindreds with Leigh syndrome In Probands 1-3, exome data analysis identified a homozygous single nucleotide substitution, c.87þ1G>C, in USMG5 (upregulated during skeletal muscle growth 5; NM_032747.3) as the most likely pathogenic candidate. Segregation analysis confirmed that the homozygous status was limited to probands and asymptomatic parents of all probands were heterozygous. No occurrences of the homozygous mutation were found in the Exome Aggregation Consortium dataset (ExAC v0.3), gnomAD or sequencing data from more than 2000 exome samples in the CHOP Center for Applied Genomics database. The variant was present in the IBD dataset with a minor allele frequency (MAF) of 0.003697 in Ashkenazi-Jewish control cohort, in our Ashkenazi-Jewish control cohort with an MAF of 0.0057 and was reported in dbSNP134 (rs146599698). All kindreds shared 24 nearby homozygous rare single nucleotide variants composing a 720 kilobase (kb) identical region on all affected alleles. This highly indicates that the variant arose in a common founder and that the mutant alleles were identical by descent.
Clinical description of four pediatric Leigh syndrome subjects
The 4 affected subjects were from 3 unrelated Ashkenazi Jewish kindreds, where each was diagnosed with Leigh syndrome between 18 months and 5 years of age ( Fig. 1A ; Table 1 ). Each presented by 18 months of age with gross motor developmental delay and subsequently manifested developmental regression in the setting of fever between 2.5 and 5 years of age. All subjects experienced recurrent, episodic gross motor regressions during metabolic stress, particularly febrile illnesses and general anesthesia. Full clinical details are provided in Supplementary Material, S1. MRI scans in Probands 2 and 3 and autopsy in Proband 1 were consistent with Leigh syndrome (Fig. 1B) . Muscle biopsy of vastus lateralis in Proband 3 showed no alterations in COX and succinate dehydrogenase (SDH) histochemical staining or ragged-red fibers. Respiratory chain enzyme activities in muscle on Probands 1 and 3 and in fibroblasts in Proband 2, performed in clinical diagnostic laboratories (Baylor-Probands 1 and 2; CUMC-Proband 3), were normal (>Supplementary Material , Fig. S2) ; however, altered mitochondrial cristae shape with increased mitochondrial volume was seen by electron microscopy ( Fig. 1D and E) .
USMG5 mRNA and protein expression was reduced in USMG5 proband fibroblasts
The Human Splicing Finder 3 tool (17) predicted that the c.87þ1G>C mutation in USMG5 would cause skipping of exon 3, which was confirmed by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis in Probands 2 and 3. Probands fibroblasts had two cDNA species: a 400 basepair (bp) band consistent with wild-type transcript, and a shorter 300 bp band that lacked exon 3 ( Fig. 2A) . Probands 2 (data not shown) and 3 showed markedly reduced USMG5 mRNA levels (18 6 8.9% relative to controls) (Fig. 2B ) by quantitative (qRT-PCR). USMG5 protein was normal in control cells but undetectable by western blot in Proband 2 (not shown) and three fibroblasts (Fig. 2C) . Moreover, confocal fluorescence microscopy localized USMG5 to mitochondria in control fibroblasts, but failed to detect the protein in proband cells (Fig. 2D) .
CV dimerization was reduced by USMG5 mutation
Fibroblasts from Proband 3 and controls were analyzed to determine respiratory chain complex assembly and super-assembly. V m was identified at the expected molecular weight ('750 kDa) (Supplementary Material, Fig. S3 ) at the same intensity between proband and controls; however, the band corresponding to V d was detected only in control fibroblasts ('1000 kDa) but not in the proband's cells (Fig. 2E ).
USMG5 mutated fibroblasts have reduced ATP synthesis
Spectrophotometric assays of mitochondrial respiratory enzymes and citrate synthase were normal in Proband 3 fibroblasts (Supplementary Material, Fig. S4 ). Cell respiration showed no differences between proband fibroblasts and controls in coupling efficiency (85.8 6 3.2% controls versus 87.5 6 2.6% proband). ATP synthesis was consistently decreased in permeabilized proband fibroblasts with all substrates tested (127.6 6 41.70 nmol ATP/30 min/mg-prot in controls and 53.67 6 10.62 nmol ATP/ 30 min/mg-prot in proband cells (P ¼ 0.035) using CI substrates; 122.5 6 32.4 nmol ATP/30 min/mg-prot in controls and 60.87 6 6.26 nmol ATP/30 min/mg-prot in proband fibroblasts (P ¼ 0.03) with Complex II (CII) substrates; and 42.49 6 8.64 in controls versus 25.10 6 7.1 nmol ATP/30 min/mg-prot (P ¼ 0.023) in proband fibroblasts using CIV substrates] (Fig. 2F ). Reduced substrate oxidation was also confirmed by analysis of respiration in permeabilized fibroblasts (Fig. 2G ). The alteration of ATP production regardless of substrate utilized, together with the evidence of normal respiratory chain enzyme complexes indicate impairment of ATP production at the level of CV (18) .
Transfection with wild-type USMG5 rescues CV dimerization and ATP production Transient transfection produced USMG5 protein in Proband 3 fibroblasts [USMG5/VDAC 11 6 4% of controls transfected with By confocal fluorescence microscopy, wild-type USMG5 was detected in the mitochondrial compartment in transfected proband fibroblasts (Fig. 3A) . Native gel analysis of mitochondrial complexes revealed a faint complex V d in proband fibroblasts transfected with EV (P ev ) (dimer/monomer ratio 1. (Fig. 3D ).
Discussion
Here, we report a homozygous splice-site mutation, c.87þ1G>C, in the USMG5 CV subunit, not previously linked to human disease, as a novel and recurrent cause of pediatric Leigh syndrome. Although, mutations in the mtDNA-encoded CV subunit MT-ATP6 were previously associated with Leigh syndrome and known to impair complex V m activity (11), V d defects have not previously been associated with human disease. We identified the mutation in three unrelated Ashkenazi Jewish kindreds. This common mutation leads to shortened USMG5 transcripts lacking exon 3, mRNA decay and severe reduction of USMG5 protein. USMG5 thus represents the first nuclear-encoded CV subunit gene linked to the Leigh syndrome. It is plausible that the relative lack of known autosomal causes of CV-deficient Leigh syndrome stems from the paucity of diagnostic assays for CV function. Indeed, while OXPHOS complexes I-IV activities are routinely performed in diagnostic laboratories, biochemical evaluation of CV function is performed only on a research basis. From a clinical perspective, USMG5-deficient Leigh syndrome shares multiple phenotypic features common to MT-ATP6-deficient Leigh syndrome, including absence of lactic acidosis, occasional hypertrophic cardiomyopathy and relatively prolonged survival. The reason for survival into midchildhood is not clear, but may relate to relative ability to tolerate defects in CV compared with other components of the mitochondrial respiratory chain (similar to the relatively prolonged life expectancy of patients with Leigh Syndrome owing to mutations in MT-ATP6) (19) , ecogenomic interactions where normal function is maintained until one encounters life stressors (such as anesthesia or infection), and/or the presence of residual wild-type USMG5 transcript, as we observed in proband fibroblasts. However, all four affected individuals in our series did experience recurrent, severe neurodevelopmental regression with fever and general anesthesia sensitivity was particularly prominent, leading to the childhood death of one subject in kindred 1 and permanent ventilator dependence in Proband 3. Therefore, minimizing anesthesia exposure, as has been done in Proband 2, appears to be clinically important to optimize outcomes and survival.
CV activity utilizes the proton gradient across the IMM to generate chemical energy in form of ATP. ATP production is mainly based on the activity of V m (20) ; however, CV exists also in a higher complex assembly, such as dimers. V d is postulated to be involved in shaping IMM cristae structure. The IMM is a Here, we established that a novel mutation in USMG5 does not affect V m activity but rather reduces V d steady-state quantity. Based upon the evidence of impaired ATP synthesis in the context of normal levels of CV monomer, we hypothesize that altering V d directly impairs mitochondrial energy production leading to clinical disease. Moreover, the alterations in mitochondrial cristae geometry observed in Proband 3 skeletal muscle are consistent with this postulated role for V d . It remains uncertain whether the observed ATP synthesis defect is owing to a decrease in cristae surface or to defective biophysical proton/ATP coupling. Overall, the identification of a human neurologic disease primarily caused by a V d defect expands the pathophysiological basis of mitochondrial diseases and widens the clinical and diagnostic spectrum of this complex group of disorders. Furthermore, USMG5 c.87þ1G>C represents an Ashkenazi Jewish founder mutation that should be included in diagnostic testing and carrier screening panels for pediatric Leigh syndrome.
Materials and Methods
Human subject enrollment and fibroblast cell line studies Subjects provided written consent and all studies were performed in accordance with Children's Hospital of Philadelphia (CHOP) IRB-approved protocol (#08-6177, M.J.F. PI). Kindred 3 also provided written consent for Columbia University Medical Center (CUMC) IRB-approved protocol (#AAAJ8651, W.K.C. PI).
Skin biopsy was performed following informed consent to establish fibroblast cell lines.
Whole exome sequencing and bioinformatics analytic methods FASTQ clinical trio-based whole exome sequence data from Proband 2 was re-analyzed on a research basis, excluding synonymous variants, variants with MAF >1% and biallelic variants previously identified in controls in the exome variant dataset in the CHOP Center for Applied Genomics. BAM files from research-based exome sequencing were obtained from fibroblasts from Proband 1 and blood from his unaffected parents; biological samples were not available from his affected deceased brother (Table 1) . Exome data from these kindreds were analyzed in a larger dataset of neurologic disease within Genesis (21), enabling identification of a shared USMG5 variant in both kindreds, confirmed by Sanger sequencing (Supplementary Materials, S2 and S3). Clinical exome sequencing in Proband 3 (GeneDx) identified the same homozygous USMG5 variant.
Haplotype and frequency analysis
We analyzed the genotype of single nucleotide variants flanking the USMG5 variant to determine whether the mutation was part of the same haplotype in all kindreds. Frequency of the variant in the Ashkenazi Jewish population was confirmed in an independent cohort using allelic discrimination, as previously described (26) .
Cell culture and transient transfection
Fibroblasts from Probands 2 and 3 were cultured following standard techniques. Cells below passage 10 were used for all experiments. Transient expression of wild-type USMG5 was performed by nucleofection (Nucleofector V R , Lonza, Germany), according to published protocols (27) . USMG5 expressing vector with pCMV6 promoter was purchased from Origene V R (NM_0322747); Proband 3 and controls fibroblasts were also transfected with a complete pCMV6 plasmid without the USMG5 open reading frame (EV). Functional studies were performed at 48h post-transfection. 
RT-PCR for

Protein separation and western blotting
For USMG5 levels, proteins were separated using SDS 4-20% Tris-glycine gels (Novex, Invitrogen), transferred onto a polyvinylidene difluoride (PVDF) membrane, and probed with specific antibodies (Supplementary Material, S4 ). To assess CV assembly, mitochondrial membranes were digested using digitonin (2 g/g) and loaded onto a 3-10% native gel (Novex, Invitrogen) using high-resolution clear native-3 buffer (29) . For size determination, NativeMark TM Unstained Protein Standard was used (Invitrogen, LC0725). Gels were blotted onto PVDF membranes, and probed with specific antibodies (Supplementary Material, S4). Protein bands were visualized by chemiluminescence (GE Healthcare). Image intensity was measured by ImageJ. Results are expressed as percentage of average controls intensity. CV dimerization was calculated as the ratio between the intensity of the higher molecular weight band, relative to CV dimer (V d ), normalized for the intensity of monomer band (V m ) and expressed as percentage of controls.
Fluorescence microscopy in cells and tissues
For mitochondrial staining, patient and control fibroblasts were incubated in a medium containing 20 nM MitoTracker V R Red CMXRos (ThermoFisher Scientific, M7512), and probed with a purified rabbit polyclonal antibody against the N-terminal of USMG5 (kindly provided by I. Wittig; 1:10). After nuclear staining with Hoescht, slides were imaged using an SP5 Leica confocal microscope (Leica Microsystems, Wetzlar, Germany).
Respiratory chain enzyme activities assay
Biochemical activities of cytochrome c oxidase (COX, Complex IV), NADH-cytochrome c reductase (CI þ CIII), succinate-cytochrome c reductase (CII þ CIII), NADH-CoQ reductase (CI), SDH (CII) and citrate synthase, as an index of mitochondrial mass, were assayed spectrophotometrically, as previously described (30) .
High resolution respirometry
Oxygen consumption rates (OCRs) were measured in intact fibroblasts using an XF 24 Extracellular Flux Analyzer (Agilent Technologies) per standard protocols (31) for Proband 3 and Oxygraph 2k (Oroboros Instruments) for Proband 2. Coupling efficiency and cell respiratory control ratio (RCR) were calculated as previously reported (32) . To study OCR after addition of specific oxidative substrates fibroblasts was permeabilized using 2% digitonin, and respiration was assessed during basal state and after addition of each specific substrate (33) . All assays were performed in ADP excess.
ATP synthesis
Fresh fibroblasts pellets were permeabilized with 2% digitonin and incubated for 30 min with specific respiratory chain substrates and excess ADP. Specifically, substrates used to assess ATP production driven by CI were malate/pyruvate, by CII were succinate/rotenone and by CIV were TMPD/ascorbic acid. ATP levels were assessed by high-performance liquid chromatography, per previously described technique (18) .
Statistical analysis
All experiments were conducted in at least biologic triplicates. Western blot bands quantifications were compared using Mann-Whitney test. P < 0.05 was considered as statistically significant. Data are expressed as mean 6standard deviation (SD).
Supplementary Material
Supplementary Material is available at HMG online.
